ABSTRACT. Bone morphogenetic protein 4 (BMP4) regulates skeletogenesis, osteoblastic differentiation, and the induction of hair follicles. Its protein-coding region contains a signal peptide, prodomain (which regulates post-translational synthesis), and a mature domain (which mediates gene function). Previous studies considered this gene to be conserved. By reanalyzing the coding region of BMP4 in 16 mammalian species, we found that the mature domain is conserved in mammals. A comparison of the putative amino acid sequence demonstrates that BMP4 is relatively conserved. Two domains in BMP4 are connected by a random coil. The protein conformation differs between the Muridae family and other species, which might be associated with the body type of the former group.
INTRODUCTION
Bone morphogenetic proteins (BMPs) are secreted signaling molecules that belong to the transforming growth factor-beta (TGF-b) superfamily, and exert their activity through interactions with specific BMP receptors (Derynck and Zhang, 2003; ten Dijke and Hill, 2004) . In the extracellular space, BMP activity is modulated by BMP antagonists that regulate the magnitude, location, and timing of signaling through BMP receptors (Balemans and Van, 2002) .
BMPs are multifunctional regulators of vertebrate development, controlling cell proliferation, differentiation, and apoptosis in various organs, including the skin (Botchkarev and Paus, 2003; Li et al., 2003; Mishina, 2003) . In postnatal life, BMPs have significant function in normal tissue remodeling and homeostasis. BMP4 is highly conserved among the pig, human, mouse, and rat.
In this study, partial exonic and deduced amino acid sequences of BMP4 from the white Cashmere goat, Mongolian sheep, Merino sheep, and Huanghuai goat were analyzed and compared with those of other mammalian species in the GenBank (www.ncbi.nlm.nih.gov/genbank/). We also constructed a phylogenetic tree for all species using the partial BMP4 sequences.
Our results provide a rationale for the further examination of the phylogenetic and evolutionary relationships between white Cashmere goat and other species, and increase our understanding about the molecular evolution of BMP4 genes in mammals.
MATERIAL AND METHODS
Healthy adult white Cashmere goat, Mongolian sheep, and Merino sheep were selected as experimental animals. One milliliter EDTA (10 mg/mL) was added to a tube that contained 10 mL blood from each animal. The blood sample in the tube was mixed gently and stored at -20°C. Genomic DNA was isolated from blood by phenol-chloroform extraction and an ethanol precipitation step.
A primer pair was designed using the bovine BMP4 sequence (GenBank accession number: NM_001045877) in Premier 5.0 and Oligo 6.0 and synthesized by Dalian TaKaRa Company Limited [forward primer (PF): 5ꞌ-AGCGCAGTCATCCCGGATTACAT-3ꞌ; reverse primer (PR): 5ꞌ-TTCAGAACCACCTTGTCATACTCAT CC-3ꞌ]. The size of the expected amplicon, which should contain a partial sequence of an exon in BMP4, was 989 bp.
The PCR products were separated on 2% agarose gels, stained with ethidium bromide, and purified using a gel extraction kit following manufacturer protocols. The purity was checked on 2% agarose gels. Once the desired purity was achieved, the products were sequenced using the forward and reverse primers.
The partial exonic sequences of BMP4 from white Cashmere goat, Mongolian sheep, and Merino sheep and the deduced amino acid sequences were compared with those of the pig, human, mouse, and rat from the GenBank using Clustal W 1.83 (Thompson et al., 1997) , BioEdit 7.0.0 (http://www.mbio.ncsu.edu/bioedit/bioedit.html), DNAMAN 4.0 (http://dnaman.software.informer.com/), and DNAstar (http://www.dnastar.com/).
A phylogenetic tree was constructed, based on the partial BMP4 sequences in all species using MEGA 4 (Tamura et al., 2007) . A likelihood method was used to examine nucleotide substitutions by selective pressure using Codeml in the Phylogenetic Analysis by Maximum Likelihood (PAML) software package (Yang, 2007) . The models assumed no molecular clock (clock = 0) and a single omega for all tree branches (model = 0), and we used likelihood ratio tests to compare the improvement in likelihood for models that incorporated 1, 2, or 3 site classes (NS sites = 0 1 2). Each analysis ran until convergence (Small_Diff = 0.5e-6); the control file is available on request (Yang et al., 2000) .
To visualize the variation in x along each gene, we performed a sliding window analysis using SWAAP1.0.2 (Pride, 2000) . We set the window size to 30 bp (10 codons) and the step size to 12 bp (4 codons). Values of ω were estimated based on Nei and Gojobori (Nei and Gojobori, 1986) . (Figure 1) , of which the chicken sequence served as an outgroup. The homology and genetic distance between species were estimated. The nucleotide sequences were relatively conserved between white Cashmere goat and other species, with homologies ranging from 78.6 to 99.9%. There were 6 insertions-deletions in mammals and chicken, 1 deletion in deer, and 1 deletion in the mouse and rat. Most single-nucleotide variations occurred at the same sites; more frequently at the 3rd nucleotide of the codon compared to the other 2 positions. This finding is consistent with the neutralism hypothesis of molecular evolution.
RESULTS AND DISCUSSION
Neighbor-joining and maximum parsimony phylogenetic trees of these species were constructed, based on the sequences, and the confidence probabilities of every branch were analyzed using bootstrap values of 10,000 replications (Figure 1) . The phylogenetic trees shared nearly the same topology; specifically, the white Cashmere goat was clustered with the Huanghuai goat first, followed by Merino sheep and Mongolian sheep, with 95% bootstrap values at the branches. Deer and Bovidae groups were clustered, with low bootstrap values of 63 and 51%, respectively. The mouse and rat formed a separate group, with 95 and 97% bootstrap values at the branches. Primates formed a separate group, with 100 and 98% bootstrapping values at the branches. Cow and Caprinae species were clustered, with 98 and 89% bootstrapping values.
The white Cashmere goat was the most closely related to the Huanghuai goat, followed by the Merino sheep and Mongolian sheep. At the molecular level, BMP4 in the white Cashmere goat was the closest to the Huanghuai goat BMP4, and relatively distant to Mongolian sheep, despite the same region of distribution. This analysis also showed the presence of inter-species is the reproductive isolation during evolution.
BMP4 showed purifying selection between all pairs of species. By site-specific selection analysis using PAML, we noted strong support of a model with 2 site classes (M1 vs M0: χ 2 = 31.5, df = 2, P < 1e -7 ), of which 1 was under strong purifying selection (mean dN/dS = 0.055). Although certain positions showed signs of positive selection, there was no significant support for a positive selection model (M2a vs M1: χ 2 = 0, df = 2, P = 1). Sliding window analysis was used to determine where rates of nonsynonymous substitutions (dN) exceeded those of synonymous substitutions (dS) in specific functional regions, and hence identify positive selection. This analysis was also used to compare the variability in dN, dS, and ω ratios between clades and functional regions. None of the ω ratios exceeded 1 in BMP4 for any species (Figure 2) .
Putative amino acid sequence comparison confirmed that BMP4 is relatively conserved. The variation at the amino acid level was notably smaller compared to the DNA level, because most nucleotide substitutions are synonymous.
We submitted these amino acid sequences to 3D-PSSM (http://www.sbg.bio.ic.ac.uk/ servers/3dpssm) (Kelley et al., 2000) . The amino acid sequence was scanned against an upto-date sequence library, to detect homologs and generate a 3-D model for the protein ( Figure  3 ). 3D-PSSM identifies the best structural match to a queried region. Often, 3D-PSSM finds a confident hit, but only to 1 portion of a query. The region that we queried spanned amino acid 120 to 245 (about 126 residues), which had little difference in the queried sequence lengths among these species.
Protein conformation differed between Muridae and other species (Figure 3 ). We noted 2 domains that were connected by a random coil. BMP4 is a major regulator of bone development (Thomas et al., 1996) ; thus, we speculate that these transitions in Muridae induce a smaller body type compared to other species. 
